Nitrate is an important nutrient and electron acceptor for microorganisms, having a key role in nitrogen (N) cycling and electron transfer in anoxic sediments. High-nitrate inputs into sediments could have a significant effect on N cycling and its associated microbial processes. However, few studies have been focused on the effect of nitrate addition on the functional diversity, composition, structure and dynamics of sediment microbial communities in contaminated aquatic ecosystems with persistent organic pollutants (POPs). Here we analyzed sediment microbial communities from a field-scale in situ bioremediation site, a creek in Pearl River Delta containing a variety of contaminants including polybrominated diphenyl ethers (PBDEs) and polycyclic aromatic hydrocarbons (PAHs), before and after nitrate injection using a comprehensive functional gene array (GeoChip 4.0). Our results showed that the sediment microbial community functional composition and structure were markedly altered, and that functional genes involved in N-, carbon (C)-, sulfur (S)-and phosphorus (P)-cycling processes were highly enriched after nitrate injection, especially those microorganisms with diverse metabolic capabilities, leading to potential in situ bioremediation of the contaminated sediment, such as PBDE and PAH reduction/degradation. This study provides new insights into our understanding of sediment microbial community responses to nitrate addition, suggesting that indigenous microorganisms could be successfully stimulated for in situ bioremediation of POPs in contaminated sediments with nitrate addition.
Introduction
With the rapid development of industry and urbanization, aquatic systems have been polluted with a variety of contaminants, including persistent organic pollutants. When present, contaminants in an aquatic ecosystem may be adsorbed onto suspended particles and eventually settle to the sediment. As a result, aquatic sediments are repositories of physical and biological debris acting as sinks for a wide variety of pollutants (Zoumis et al., 2001) . Even when external pollution sources are controlled, internal loading of pollutants from sediment into the water column may continue for decades, delaying the recovery of degraded aquatic ecosystems (Jeppesen et al., 2005; SØNdergaard et al., 2007) .
Nitrate is one of the essential nitrogen components in the biosphere, serving as an important nutrient and electron acceptor for microorganisms. Nitrate input can alleviate nitrogen (N) limitation, influence N-cycling processes and subsequently promote a cascade of biogeochemical processes, which are almost exclusively mediated by microorganisms (Galloway et al., 2008) . As one of the more thermodynamically favorable electron acceptors for anaerobic respiration, nitrate can be reduced by a large number of microorganisms associated with the oxidation of organic matter and other reduced substrates. Over the years, a number of studies have demonstrated that the addition of nitrate could enhance in situ bioremediation of contaminated sediments by promoting organic carbon (C) degradation (Hutchins et al., 1998; Cunningham et al., 2001) , suppressing hydrogen sulfide production (Jenneman et al., 1986) and preventing phosphorus (P) release (Foy, 1986; Yamada et al., 2012) .
N cycling is almost exclusively mediated by microorganisms, and understanding how sediment microbial communities respond to nitrate addition will help us elucidate potential nitrate reduction mechanisms, and remediate contaminated sediments in situ. Few studies have examined the response of microbial communities to nitrate inputs. However, distinctly different results about microbial community responses to elevated nitrate were observed, with some reporting significant changes in the microbial community (Carrino-Kyker et al., 2013) and others showing no effect (Bowen et al., 2011; Carrino-Kyker et al., 2012) . The complexity of N cycling and methodologies used for these studies could be one of major reasons for this disparity. In addition, within the complex network of N cycling, some key enzymes are shared and they may be simultaneously influenced by the input of N compounds, and/or linked with other biogeochemical processes, such as C and sulfur (S) cycling (Kraft et al., 2011) . Moreover, many nitrate-reducing bacteria posses versatile metabolisms, able to use a variety of electron acceptors for respiration when coupled with the degradation of organic compounds, allowing for survival under the fluctuating redox environments when nitrate is unavailable (Hauck et al., 2001; Castelle et al., 2013; Zhao et al., 2013) . A limited view of how nitrate addition affects microbial processes may be provided if only a subset of N-cycling enzymes are studied. In addition, experimental scale and sampling time points may lead to biases in the evaluation of microbial community responses to elevated nitrate. Therefore, a comprehensive survey of microbial community responses to elevated nitrate input into the sediment system is necessary.
Previous studies have shown that functional gene arrays are able to examine up to thousands of functional genes simultaneously, and have become routine molecular tools to analyze the functional composition, structure and dynamics of microbial communities from a variety of ecosystems (Denef et al., 2003; Taroncher-Oldenburg et al., 2003; Rhee et al., 2004; Chandler et al., 2006; Iwai et al., 2008; He et al., 2010a; 2012a,b) . GeoChip 4.0 is the most comprehensive functional gene array so far, containing more than 120 000 distinct probes targeting key genes involved in C, N, S and P cycling, and other environmental processes, providing a comprehensive survey of microbial structure, functional potential and environmental processes (Tu et al., 2014) , thus overcoming these limitations mentioned above. For example, GeoChips have been successfully used for tracking and studying the responses of microbial communities to different environmental changes, such as elevated temperature (Zhou et al., 2012) , CO 2 and/or O 3 (He et al., 2010b Li et al., 2013; Xu et al., 2013) and contaminants (Xu et al., 2010; Yang et al., 2013) .
Considering the key role of nitrate and the complexity of N cycling in biosphere, as well as the metabolic versatility of the nitrate-reducing bacteria, GeoChip 4.0 could be the promising tool to study the effect of elevated nitrate on sediment microbial communities. In this study, we hypothesize (i) that sediment microbial community composition and structure would be altered by the injection of nitrate into a contaminated sediment through the consequent changes in sediment microenvironmental conditions, (ii) that various microbial functional groups would change differentially over time in response to nitrate addition, especially those related to N-cycling networks and available electron acceptors/donors in the sediment and (iii) that sediment microorganisms with metabolic versatility would be efficiently stimulated, possibly resulting in the remediation of contaminated sediments, such as the degradation of polybrominated diphenyl ethers (PBDEs) and polycyclic aromatic hydrocarbons (PAHs) after nitrate addition. To test these hypotheses, we analyzed sediment microbial communities from a field-scale site for in situ bioremediation of complexly contaminated creek in Pearl River Delta, one of the world's most dynamic industrial zones, by nitrate injection using GeoChip 4.0 in concert with traditional microbiological analyses. This study provides new insights into our understanding of sediment microbial community responses and possible bioremediation of persistent organic pollutants in contaminated sediments by nitrate injection.
Materials and methods
The following is the summary of methods used in this study. More detailed information is provided in the Supplementary Information.
Site description and sampling
The pilot-scale sediment system for in situ bioremediation of a contaminated creek site by nitrate injection was located in a typical industry zone at Ronggui town (22145 0 N, 113115 0 E) in the Pearl River Delta. Water locks were located upstream and downstream of the creek, respectively, for controlling the water depth. In the experimental system, the sediment was composed of compact mud B1 m in depth. Calcium nitrate solution was injected at a dose of 45.3 g N m À 2 into the sediment at a depth of 30 cm by pump every month. Three sampling sites with three subcores at each site were set perpendicular to the flow direction of the creek, and the distance between two adjacent sites was 4 m. During the experiment, the water depth was B100 cm, and the concentrations of dissolved oxygen dropped to near zero at a water depth of 80 cm. Sediment temperature was 25 1C and sediment dissolved oxygen was maintained at zero. Sediment samples were taken from the top 50-cm layer of these three sites using piston-column sediment sampler (4.0 cm internal diameter, XDB0204, Beijing New Landmark Soil Equipment Co., Ltd., Beijing, China) before nitrate injection (0 h), and 24 h, 48 h, 96 h, 144 h and 1 month after nitrate injection, with each sample composited from the three sediment cores at each treatment site. All samples were immediately transported to an anaerobic chamber where they were homogenized, sieved to remove the detritus (45 mm) and split into subsamples for a variety of analyses including molecular microbial analyses, sediment property detections and microcosm experiments. Sample transport, homogenization and subpackage were performed at 25 1C within 2 h.
Geochemical analysis
To better define the geochemical properties of the sediment samples, several sets of variables were measured: (i) the concentrations of nitrate, nitrite, ammonium, sulfate, phosphate, total nitrogen (TN) and total phosphorus in sediments and porewaters; (ii) mixed liquor volatile suspended solid values, the contents of total organic carbon (TOC), PBDEs, PAHs and the partitioning of heavy metal species in sediments; and (iii) the concentrations of the gaseous ammonia and hydrogen sulfide at the sampling sites.
DNA preparation and GeoChip 4.0 analysis DNA was extracted and purified according to the procedures described previously (Zhou et al., 1996) . DNA labeling, as well as the purification of labeled DNA, was carried out as described previously (Xu et al., 2010) . GeoChip 4.0 (Tu et al., 2014) synthesized by NimbleGen (Madison, WI, USA) was used to analyze the functional structure of the microbial communities and functional gene abundances. The hybridization and scanning procedure and instrumental analysis conditions were the same as in our previous study . Signal intensities were measured on the basis of scanned images, and spots with signal-to-noise ratios lower than 2.0 were removed before statistical analysis, as described previously (He et al., 2010b) .
Statistical analysis
Preprocessed GeoChip data were further analyzed with different statistical methods: (i) hierarchical clustering for microbial community structure and composition; (ii) detrended correspondence analysis combined with analysis of similarities, nonparametric multivariate analysis of variance (Adonis) and multi-response permutation procedure for determining the overall functional changes in the microbial communities; (iii) microbial diversity index, significant Pearson's linear correlation (r) analysis, as well as analysis of variance; (iv) percentage changes of functional genes by nitrate addition were calculated using the following formula: (T i À T 0 ) Â 100/T 0 , where T 0 and T i were the average signal intensities of genes detected by GeoChip 4.0 in the samples collected before or after i-h nitrate treatment; and (v) Mantel and redundancy analysis, as well as their partial analyses, were used to link the functional structure of microbial communities with environmental variables.
Results
Effects of nitrate addition on sediment chemical properties Nitrate concentrations in the sediments and porewaters were measured as nitrate was injected, and it was found that the changes in nitrate concentration between these two compartments were not concordant (Table 1) . After injection of calcium nitrate solution for 24 h, the sedimentary nitrate concentrations increased significantly (Po0.05) to 34.74 mg l À 1 and then decreased back to the ambient nitrate concentration (B1.2 mg l À 1 ) after 1 month (data not shown), whereas no significant change was observed in the porewaters of sediment. Porewater sulfate concentrations increased at 48 h (Po0.05), with the highest level detected at 96 h after nitrate addition. Although no significant change was observed for the concentrations of ammoniacal-N and TN during the 144-h treatment process, obvious increases were detected for both at 48 h after nitrate injection. After 1 month of treatment, B88% of the ammoniacal-N was removed and the concentrations of TN were returned to initial levels (data not shown). In addition, significant (Po0.05) increases in sulfate were detected after 96 h of operation, which was consistent with a significantly (Po0.05) decreased concentration of S element in the treated sediments after more than a 4-month operation, and the color of the sediments changed from dark brown to yellowish-orange following nitrate injection (data not shown). In addition, significant (Po0.05) increases were also detected in the mixed liquor volatile suspended solid values of sediment after 48 h, and the addition of nitrate also promoted the removal of TOC in sediments. The percentage of TOC in the sediment significantly decreased from 5.33±0.06% to 4.90±0.09% (Po0.05) after 24 h (Table 1) and to 2.55 ± 0.17% (Po0.01) after 120 days (data not shown), respectively. These results were well supported by the reduction of PAHs and PBDEs after 120 days of operation (Supplementary Figure S1) . Simultaneously, the concentrations of hydrogen sulfide and gaseous ammonia in the sampling sites were decreased from 0.024 mg m respectively. Such changes of chemical properties in the sediment may affect the sediment microbial community composition and structure.
Overall review of sediment microbial community responses to nitrate addition To assess the response of microbial communities to nitrate addition, GeoChip 4.0 was used to examine the important biogeochemical processes, especially key functional genes involved in C, N, P and S cycling. As revealed by multi-response permutation procedure analysis, a significant (Po0.001) difference was detected for the overall microbial community functional structure (Supplementary Table S1 ). When we compared the overall gene number and abundance detected between the initial and treatment stages, significant (Po0.01) increases were observed in all of the treatment time points, peaking by 96 h (Supplementary Table S2 ), although there were some fluctuations in different time points. After 24 h of nitrate addition, 29% of overlapping genes showed significant (Po0.05) changes with 14% increase and 15% decrease, and a total of 33.6% unique genes were detected. The percentages of unique genes from the treatment samples following nitrate amendment, ranging from 22.5% to 37.1%, were significantly (Po0.05) higher than those from the initial stage (0 h), ranging from 7.9% to 16.7% (Supplementary Table S2 ). The overall microbial functional diversity was also significantly (Po0.01) higher in the samples treated with nitrate based on the Shannon-Weiner (H') and Simpson's (1/D) indices. In addition, significantly (Po0.01) positive correlations were observed among the abundances of different functional genes, especially those involved in N, C, S and P cycling (Supplementary Table S3 ). Hierarchical clustering analysis showed that all samples treated with nitrate were clustered together and were well separated from samples taken before nitrate addition ( Figure 1a ). Five major gene groups could be visualized in the color tree, and considerable variability in functional gene distribution was observed among different samples; in addition, a number of functional genes were found to be unique to nitrate treatment samples. For example, group 4 with 74.1% of all genes detected, largely involved in organic remediation, C degradation and denitrification, was generally detected in all samples, whereas groups 2 and 5 with 7.5% and 14.6%, respectively, of all genes detected were largely found in the nitrate treatment samples.
In total, the genes detected by GeoChip were based on the probes from 633 known microbial genera, 20 of which showed significant increases at 24 h after nitrate injection and almost maintained at all time points. Within those 20 genera, 18 were bacterial origin, with 8 each from the Actinobacteria and Proteobacteria phyla, respectively, and 2 from Firmicutes phylum. Interestingly, most of the genera detected are known to be metabolically versatile, involved in multiple biogeochemical cycling processes ( Figure 2 ). For example, the gene families detected from genera Azoarcus and Chromobacterium, typical b-Proteobacterial denitrifiers, are involved in C-, N-and P-cycling processes, whereas those from the genus Beijerinckia, belonging to a-Proteobacteria, are involved in C-, P-and S-cycling processes. The gene families from Actinobacteria genera, Clavibacter, Kocuria, Saccharopolyspora and Tsukamurella are involved in C and N cycling. The average functional gene abundances from these microorganisms increased between 2 and 13 times within the initial 24 h following nitrate addition ( Figure 2 ). Therefore, all these results indicate that the functional characteristics of sediment microbial communities were significantly altered and the Figure 1 Cluster analysis of functional genes detected using GeoChip 4.0. The figure was generated using CLUSTER and visualized in TREEVIEW (http://rana.lbl.gov/EisenSoftware.htm). Black indicates signal intensities below the threshold value, and red indicates a positive hybridization signal. The color intensity indicates differences in signal intensity. The samples from different sampling points were clearly separated. Five different gene patterns were observed and indicated by numbers in the tree (a), and they were represented as group 1 to 5 on axis x and the relative abundances of the gene signal intensity contained in different groups were presented on axis y in the graphs (b).
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The number of gene The number of gene family detected for C-, N-, P-and S-cycling processes. The calculation of percentage change was based on the average signal intensity of each microorganism. Significances between the samples from the initial stage and different time points following nitrate amendment were performed by the Student t-test. ***Po0.01; **Po0.05; *Po0.1.
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functional genes from indigenous microorganisms with metabolic versatility were more efficiently stimulated after nitrate addition in this site.
Changes of microbial functional gene abundances in response to nitrate addition N-cycling genes. Totally, B50% of the detected N-cycling genes showed a significant (Po0.05) increase in abundance at 24 h after nitrate addition. Among the 18 gene families involved in assimilatory N reduction, dissimilatory N reduction to ammonium, N 2 fixation, denitrification, ammonification and anaerobic ammonium oxidation, 10 of them increased significantly (Po0.05), with the highest for hzo (Figure 3) . A small drop was observed in the samples collected at 48 h, in which only five gene families showed significant changes: an increase for nirS/K, napA, nrfA and a decrease for norB and hao.
After 96 h, changes of the gene families involved in N cycling had rebounded, with 15 of them showing significant increases (Figure 3 ). Most of denitrification genes, such as nirS, nirK and nosZ, as well as nitrifier nirK, were significantly (Po0.05) stimulated and maintained at all time points after nitrate injection. The genes encoding ammonia monooxygenase (amoA) for nitrification exhibited significantly (Po0.05) higher signal intensities in the treatment samples, whereas no significant change was observed in hao encoding hydroxylamine oxidase. Interestingly, although most ammonia oxidizers are chemoautotrophic in natural environments, 9 of the top 10 significantly increased amoA genes were from bacteria with metabolic versatility (that is, Desulfovibrio magneticus, Mycobacterium gilvum, Rhodopseudomonas palustris and Agrobacterium tumefaciens), and only one (156572306) from Archaea (Supplementary Figure S2) . These results indicated that nitrate addition might alter the N-cycling processes by changing the N compound composition and the abundance of N-cycling genes, especially those from microorganisms with diverse metabolic capabilities.
C-cycling genes. Among the 3565 C-cycling genes detected, B77.8% of them were involved in C compound degradation, such as starch, pectin, hemicelluloses, cellulose, aromatic, chitin and lignin. Most of these genes showed significantly (Po0.05) higher abundance ( Figure S3) . Furthermore, most of the gene abundance for C degradation was positively correlated with those for nitrate reduction significantly (Po0.01) (Supplementary Table S4 ). Consistently, the contents of TOC, PAHs and PBDEs in sediments were obviously reduced after nitrate addition. Significant increases were observed in the number after nitrate injection were also observed. Totally, more than 81.67% of the genes detected for C cycling showed significant increases at 24 h following nitrate addition, indicating that the functional genes for C cycling were very sensitive to elevated nitrate and most of the genes could be enriched by nitrate addition.
S-and P-cycling genes. The changes in abundance of most S-cycling genes ( Figure 4 ) were similar to those for C-and N-cycling genes with a general increase after nitrate addition. Within the 11 gene families involved in S cycling, most were significantly increased after nitrate addition, with the exception of the gene encoding b-subunit of sulfite reductase (cysI), which showed no significant change (Figure 4) . However, significant increases were observed in the important sulfite reduction genes, cysJ, dsrA/B and sir, with dsrA/B being more sensitive to nitrate addition. A total of 108 genes involved in sulfite reduction process were detected after nitrate addition and commonly existed in all of the time points. Within these genes, 46.3% of them were dsrA/B genes for dissimilatory sulfite reductase and all from uncultured microorganisms. Significantly (Po0.05 or 0.01) positive increases were observed in two important sulfite oxidation genes, sox (sulfur oxidation gene cluster) and fccAB (flavo cytochrome c sulfide dehydrogenase), in all of the time points after nitrate addition. The nine commonly significantly increased sox genes were related to metabolic versatile microorganisms (Supplementary Figure S4) , out of which seven belonged to a-Proteobacteria and three of them were derived from a methane-consuming bacterium, Methylobacterium populi BJ001. In addition, the sox gene (120593543) from the efficient PAH degradation organism Polaromonas naphthalenivorans CJ2 was also simulated after nitrate addition. Furthermore, a fair number of functional genes from nitrate-reducing sulfide oxidation bacteria were detected and enriched after nitrate addition, such as sqr and sox genes from Thiobacillus denitrificans. The evidence that nitrate reduction coupled with sulfide oxidation was also provided by the microcosm experiments inoculated with the sediments, in which the nitrate consumptions were coupled with the generations in sulfate and the increases in the abundance of nitrate-reducing sulfide oxidation bacteria after 24 h of incubation. The abundance of genes encoding polyphosphate kinase (ppk) for polyphosphate synthesis from ATP significantly increased with Po0.05 at 24 h and P o0.01 at 48 h after nitrate addition. Genes encoding exopolyphosphates (ppx) for inorganic polyphosphate degradation and phytase for phytate degradation were detected with significantly (Po0.05) increased abundances at 24 h, no significant change at 48 h, and significantly (Po0.01) enriched again at 96 h after nitrate addition (Supplementary Figure S5A) . Similar to those genes involved in N and S cycling, most of the top 10 commonly significantly increased genes for P utilization were from the metabolically versatile microorganisms, including iron cycle contributors (that is, Magnetospirillum magneticum AMB-1 and Leptothrix cholodnii SP-6) and Archaea Haloferax volcanii with broad electron acceptor capabilities (Supplementary Figure S5B) . In addition, the number and abundance of cytochrome c gene were significantly (Po0.05 or 0.01) enriched after nitrate injection (Supplementary Figure S6) and showed significant (Po0.001) correlations with the functional genes involved in P utilization. Similar to N-and C-cycling genes, these results suggested that nitrate addition might modify S and P cycling by changing the abundance of key functional genes, especially those from the microorganisms with metabolic versatility.
Relationships between functional structure and environmental variables To explore possible linkages between the functional structure of sediment microbial communities and environmental factors, GeoChip data and environmental factors including ammonium, nitrate, nitrite, TN, TOC, total phosphorus, phosphate, sulfate in the porewaters and sediments were used for Mantel or partial Mantel tests and redundancy analysis. First, Mantel tests of all environmental factors and the signal intensity of all detected genes showed significant correlations only between five individual functional genes (pmoA, gdh, nirK, fccAB and CDH genes) and those porewater variables, but none of those genes was significantly correlated with the sediment variables (Supplementary Table S5 ). Second, redundancy analysis was used to further explore what environmental factors largely shaped the functional structure of sediment microbial communities. Consistent with Mantel tests, the functional genes detected did not have significant relationships with the 12 selected environmental factors. However, significant (Po0.01) correlations were detected between all functional genes, C-, N-, P-or S-cycling genes, and five selected environmental factors, including four porewater factors (the concentrations of ammonium, TN, total phosphorus and sulfate) and the only sediment factor (nitrate concentration) (Table 3) . Based on the model, 55.3% of the total variance could be explained by all canonical axes (F ¼ 2.231, P ¼ 0.001) with the first axis explained 45.1% (F ¼ 2.249, P ¼ 0.001) for all of the detected functional genes. The functional genes involved in C, N, P and S cycling could be totally explained 58.9%, 58.8%, 60.8% and 59.8% by these five factors, respectively (Table 3 ). The samples from the same time points were clustered together and were well separated from the 0-h samples by the first axis. In addition, the sediment nitrate concentration was identified as the main environmental factor for shaping the functional microbial communities at 24, 48 and 144 h after nitrate addition, whereas the sediment TN was the first environmental factor for those at 96 h (Table 4) . These results indicate that sediment nitrate concentration could be a dominant factor shaping microbial community functional structure and potentially regulating microbial functional processes in the sediment.
Discussion
Understanding the functional diversity, composition, structure and dynamics of sediment microbial communities is critical for designing bioremediation strategies in contaminated sites. Coexisting within contaminated sediments are a variety of chemical compounds, such as ammonia, S compounds, persistent organic pollutants and metal ions, some of which can be used as electron acceptors or donors. Under such conditions, biogeochemical processes largely depend on the microbial community and their metabolic potential. In this study, we showed that the functional composition and structure of the sediment microbial community were markedly altered, with key functional genes involved in C, N, S and P cycling being highly enriched after nitrate injection. In addition, some of those key genes were largely derived from microorganisms with diverse metabolic capabilities, possibly leading to potential in situ bioremediation of contaminants (for example, PBDEs, PAHs) in the sediment. The results generally support our hypotheses and provide new insights into our understanding of sediment microbial community responses to nitrate addition. One hypothesis is that the sediment microbial community composition and structure would be altered with nitrate injection, consequently resulting in changes of sediment microenvironmental conditions. Previous studies have found that distinct microbial community compositions and The five environmental factors selected include four interstitial water factors (the concentrations of ammonium, total nitrogen, total phosphorus and sulfate) and one sediment factor (nitrate concentration).
Elevated nitrate for potential bioremediation M Xu et al redox zones were obtained from markedly different sedimentary settings, and significant correlation between changes in geochemical composition and changes in community structure was detected (Tankéré et al., 2002; Jorgensen et al., 2012) . It was suggested that hydrological regime was a very important factor for the structure of nitratereducing bacterial communities (Bougon et al., 2009) , and the water content of sediment significantly influenced the nitrate diffusion coefficient (Fang et al., 2008) . Our previous study also showed that the mass transfer rate of the available electron donor shaped the structures of microbial community and the profiles of substrates and products in sediments (Xu et al., 2010) . In this study, the diversity and abundance of sediment microorganisms were significantly increased and the coexistence, instead of a competition, between nitrate reduction and other electron acceptor reductions within the sediment was observed, with some important geochemical factors in the sediment, such as the concentrations of TOC, TN, total phosphorus, ammoniacal-N and sulfate, being subsequently changed, suggesting that different microenvironmental conditions had been formed after nitrate injection due to the spatial separation in the sediment matrix. These results well support the above hypothesis, whereas such changes may be reflected in the change of abundances of key functional genes, thus subsequently regulating ecosystem functioning. Our second hypothesis is that various microbial functional groups would change considerably over time in response to nitrate addition, especially those related to N-cycling networks and available electron acceptors/donors in the sediment. One of the important factors to regulate biochemical processes, and thus the community composition and structure, was the ratio of electron donor to electron acceptor. Previous studies showed that the microbial community structure exhibited a considerable shift over the sediment remediation phases examined by adding electron acceptors or donors (Van Nostrand et al., 2011; Louati et al., 2013) , and introducing nitrate into contaminated subsurface site as an electron acceptor could enhance in situ biodegradation and sometimes was capable of partially or completely removing organic contaminants (Thomas et al., 1997; Hutchins et al., 1998; Cunningham et al., 2001; Tang et al., 2005) . More experiments indicated that dissimilatory N reduction to ammonium is the dominant pathway of dissimilatory nitrate reduction in sediments that are rich in electron donors, such as labile organic carbon and sulfide (Brunet and Garcia-Gil, 1996; Porubsky et al., 2009) , and the formation of ammonia can be linked to the use of reduced S compounds as electron donors during the nitrate reduction process (Brunet and Garcia-Gil, 1996) . In this study, key genes involved in N cycling were increased after nitrate addition, and the gene abundance of nrfA, the marker gene for dissimilatory N reduction to ammonium, showed significant (Po0.01 or 0.05) positive correlations with a considerable proportion of the genes involved in labile organic C degradation and S oxidization after nitrate injection. However, no significant increase in ammonium concentration was observed following nitrate injection, and most of them were even removed after 1 month of treatment, which could be due to the simultaneous stimulation of anaerobic ammonium oxidation. Indeed, the gene encoding hydrazine oxidoreductase (hzo), which has been proposed as a useful marker for the analysis of anaerobic ammonium oxidation bacteria (Francis et al., 2007) , was identified as the most significantly increased gene among the N-cycling genes detected after nitrate addition in this study. There are a few possibilities: (1) the addition of nitrate alleviated the limitation of nitrite and increased the efficiency of anaerobic ammonium oxidation; (2) dissimilatory N reduction to ammonium generated the ammonium pool through nitrate reduction that fostered the ammonium oxidation reactions. These explanations are well supported by the significantly positive correlation between the abundance of hzo and of the nitrate (narG and napA) and nitrite (nrfA) reductase genes in this site. The stimulation of most S-oxidation genes after nitrate addition was well supported by the increases of sulfate concentrations in porewater and the reduced hydrogen sulfide emission. The changes of sediment color from dark brown to yellowish-orange also could be due to the nitrate-mediated sulfide oxidation of the dark-color metal-bound sulfides (FeS and FeS 2 ) (Gu et al., 2012) . These results confirm our second hypothesis and show a direct correlation between the genes involved in the N cycle and other important biogeochemical cycles. As a result, we also predicted that sediment microorganisms with metabolic versatility would be efficiently stimulated owing to the coexistence of different electron acceptors and donors in the contaminated sediment, resulting in in situ bioremediation of contaminated sediments. Although it is predicted theoretically that the presence of nitrate would inhibit sulfate reduction because nitrate has higher reduction potential than sulfate under anaerobic condition, increasing evidences showed that the reduction of electron acceptors with lower reduction potential was not inhibited and even was enhanced by the presence of nitrate (Canfield et al., 2010; Gu et al., 2012; Zhao et al., 2013) . Several genera with broader electron-accepting capabilities have been enriched in systems containing multiple electron acceptors, such as Bacillus sp. and Ochrobactrum sp. from the radioactively contaminated sediment with high nitrate concentration (Thorpe et al., 2012) and Sulfuricurvum sp. and Desulfovibrio sp. from the system containing O 2 , ClO 4 À , sulfate and nitrate (Zhao et al., 2013) . Similar results were obtained in this study. For example, the amoA gene (239798446) from Desulfovibrio sp. and the van gene (198265864) from Ochrobactrum sp. were ranked in the top 10 stimulated genes after nitrate addition. Most of the significantly stimulated C degradation genes were from the important halogenated organic compound degradation organism Sphingomonas wittichii RW1 (Hong et al., 2002) , which could contribute a lot to the removal of PAHs and PBDEs from sediments. The coexistence of S with nitrate, methane and PAHs could be the reason for the frequent detection of the commonly significantly increased sox genes from the nitratereducing sulfide oxidation bacteria Thiobacillus denitrificans ATCC 25259, the methane-consuming bacterium Methylobacterium populi BJ001 and the PAHs degradation bacterium Polaromonas naphthalenivorans CJ2. As the reactive soluble P often prefers to be immobilized by the oxidized iron particle after nitrate injection (Foy, 1986; McAuliffe et al., 1998; Yamada et al., 2012) , most of the significantly increased P utilization genes were from microorganisms with iron cycling capabilities. Even the significantly increased amoA genes were frequently detected from metabolically diverse microorganisms. These results support the hypothesis very well and suggest that the efficient stimulation of microorganisms exhibiting diverse physiological and metabolic properties could make great contributions to in situ bioremediation of contaminated sediments after nitrate addition.
In summary, the results allow us to form a conceptual model for further understanding the effect of nitrate injection on sediment microbial communities ( Figure 5 ). First, sediment microbial communities were very sensitive to the changes of nitrate concentrations, and nitrate could serve as a nutrient and stimulate microbial growth demonstrated by mixed liquor volatile suspended solid values in the sediments. Second, GeoChip data showed that microbial functional genes involved in key N-cycling processes were enriched, such as narG, nirS/K and nosZ for denitrification, napA/nasA and nrfA for nitrate and nitrite reduction and hzo for ammmox. In addition, those N-cycling processes would be linked with other nutrient cycling pathways, such as C degradation (for example, vanA for aromatic degradation), S cycling (for example, sox for sulfite oxidation) and Elevated nitrate for potential bioremediation M Xu et al P cycling, and all those key genes were found to be largely derived from microorganisms with diverse physiological and metabolic properties. In addition, the changes in key functional processes were also reflected in increased microbial community diversity, enriched microorganisms with metabolic versatility and increased availability of electron acceptors/donors, as well as changed microenvironmental conditions (for example, redox potential).
Finally, all those changes may create favorable conditions for indigenous microbial communities to remediate contaminated sediments in situ, such as the degradation of PBDEs and PAHs ( Figure 5 ). However, to further understand and evaluate the potential impact of elevated nitrate on bioremediation of contaminated sediment ecosystems, it is essential to launch an integrated and comprehensive monitoring program to track the dynamics and adaptive responses of microbial communities together with physical, chemical and biological analyses of ecosystem properties and functions, especially the degradation of persistent organic pollutants.
